Abbreviations: (HEMA) 2-hydroxyethyl methacrylate, (DMPAP) 2,2-dimethoxy-2-phenylacetophenone, (GOx) glucose oxidase, (pAM) poly(acrylamide), (PBS) phosphate-buffered saline, (PDMS) poly(dimethylsiloxane), (PdP) palladium (II) meso-tetra(4-carboxyphenyl) porphine, (pHEMA) poly(2-hydroxyethyl methacrylate), (p(HEMA-co-AM) or copolymer) 50:50 molar ratio copolymer of pHEMA and pAM, (TEGDA) tetra(ethylene glycol) diacrylate, (TMSPMA) 3-(trimethoxysilyl)propyl methacrylate
Introduction
Devel opment of accurate, stable, and long-term continuous glucose monitoring techniques is crucial to the success of an artificial pancreatic system. However, reliable sensor performance in vivo is difficult to predict from evaluations conducted in vitro. 1 Thus, development of a continuous glucose monitoring system that can function reliably in vivo relies on the use of biocompatible materials as well as an in-depth understanding of how the host response affects the sensor response characteristics.
Optical glucose sensing has many advantages over electrochemical sensing, especially in the case of fully implantable sensors. 2, 3 Highly specific optical glucose sensors have been developed by McShane and co-authors, using the glucose oxidase (GOx) enzyme along with a long-lifetime oxygen-sensitive phosphor (Figure 1) . 4 In this system, the oxygen-sensitive phosphor is collisionally quenched by oxygen. The phosphorescence lifetime or intensity can be directly related to the oxygen concentration by the Stern-Volmer Equation 1:
where t and I are the measured phosphorescence lifetime and intensity, respectively; t 0 and I 0 are the phos-phorescence lifetime and intensity at zero oxygen concentration, respectively; and K SV is the Stern-Volmer constant, which is specific to the phosphor.
is light-based, the material can be interrogated through the skin with no need for transcutaneous connection, making glucose sampling noninvasive, which is unlike commercially available electrochemical devices. Additionally, the sensing elements (enzyme and dye) can be immobilized in a variety of architectures to suit the application. For example, this sensing chemistry can be immobilized in microparticles, multilayer nanofilms, or in larger slab materials. [5] [6] [7] Despite the advantages of this approach, the problem of host response remains a challenge for all potential implantable glucose sensors, regardless of their transduction mechanism. 8 Thus, studies that advance our understanding of host-sensor interactions remain crucial for progress toward effective long-term device function.
Biofouling and subsequent host response are major hurdles in the development of long-term continuous glucose monitoring systems. Host response affects sensor function by creating differences in delivery of analyte to the sensor arising from fouling (Figure 2) , fibrosis, vascular regression, or increased local consumption by metabolically active inflammatory response cells. 9 These changes in transport can cause sensors to require calibration and/or to cease function altogether. 10, 11 In principle, it seems possible to design a sensor with appropriate sensitivity and range after fouling if the extent of in vivo biofouling can be predicted accurately. Therefore, understanding the changes in the key properties associated with this biofouling and host-response process (e.g., diffusion changes) will aid in the design and development of in vitro testing conditions that better approximate the in vivo environment.
Polymer-based hydrogel materials have been used in a large number of biomedical devices and tissue engineering applications because they possess a variety of desirable characteristics, a few of which are low fouling, biomimetic properties, and biocompatibility. [12] [13] [14] [15] Poly(2-hydroxyethyl methacrylate) (pHEMA) is one of the most well-characterized hydrogel biomaterials. [16] [17] [18] The mechanical properties of pHEMA, as well as its transparency and biocompatibility, make it a good candidate for housing optical glucose-sensing chemistry in an implantable device. 14, 19 Poly(acrylamide) (pAM) has been used extensively in hydrogels for electrophoresis and has also been used in medical devices. 16 Similar to the mechanical properties of pHEMA, the mechanical properties of pAM are sufficient for fully implantable devices. More important to this study is that pAM swelled significantly more than pHEMA and, consequently, the diffusivity of small molecules through its matrix was significantly higher. 16 The aim of this study was to determine the direct effects of biofouling and host response on both diffusivity and response characteristics of optical glucose sensors made from these hydrogel materials. A secondary goal was to identify similarities between fouling observed in vivo and in vitro and to relate these to the practical effects on glucose diffusion and sensor response.
Methods
The following were used: 
Gel Formulations
Three materials were used in this study: pHEMA, pAM, and a 50:50 molar ratio copolymer of pHEMA and pAM [p(HEMA-co-AM) or copolymer]. These were chosen for their relatively low and high swelling ratios/pore sizes for the pure polymers, respectively, and as a Both biofouling and capsule formation can cause changes in glucose diffusivity. 9 Note that images are not drawn to scale; the adsorbed protein layer will be only a few tens of nanometers thick, whereas the fibrous capsule is typically much thicker (20-500 µm). representative copolymer that was expected to exhibit intermediate properties.
Precursor solutions of pHEMA were composed of the HEMA monomer, the TEGDA crosslinker, and the DMPAP photo-initiator in a molar ratio of 98:2:0.1 and a combined monomer volume percentage of 59.7% dissolved in a mixture of ethylene glycol (16.7%) and water (23.4% v/v). The acrylamide precursor solution was composed of acrylamide, crosslinker bis-acrylamide, and DMPAP dissolved in water. The molar ratio of acrylamide to bis-acrylamide to DMPAP was 99:1:0.1, and the monomer represented 39.6% of the total precursor volume. The p(HEMA-co-AM) precursor solution was composed of acrylamide, HEMA, TEGDMA, and DMPAP (50:50:1:0.1, combined monomer volume percentage of 40.5%) dissolved in ethylene glycol (25.0% v/v) and water (34.4% v/v).
Glucose Diffusion Analysis
Precursor solutions were prepared using the formulations listed earlier. Molds were composed of two glass slides separated by Teflon ® (Dupont, ™ Wilmington, DE) spacers with 0.03-in. thickness and were filled with the appropriate precursor solution for each material. Molds were placed under vacuum for 30 min and then under ultraviolet illumination for 3 min on each side to cure. The polymerized gels were removed from their molds and rinsed once with acetone and three times with water. The gels were then stored in sterile phosphate-buffered saline (PBS) until serum exposure or implantation experiments.
For serum-exposed gels, each hydrogel disk (1 cm diameter) was immersed in 5 ml of Sprague Dawley Rat Serum at 37 °C. After time points of 1 week and 1 month, samples were removed and immediately tested for glucose diffusivity.
All animal experiments adhered to federal guidelines and were approved by the University of Washington Animal Care and Use Committee. Hydrogel slabs intended for implantation were tested for cytotoxicity and endotoxin presence before implantation. Sterile hydrogel disks (1 cm diameter) were implanted in the subcutaneous space in the dorsal region of the skin of Sprague-Dawley rats. After time points of 1 week and 1 month, the hydrogel disks and the surrounding tissue were explanted from the animals. Most surrounding tissue was removed, but that adjacent to the implants was left intact, preserving the foreign-body capsule surrounding the hydrogel disks. Samples were immediately placed into sterile PBS until ready for diffusivity measurements. Before mounting for analysis, explanted samples were carefully extracted from all surrounding tissue (including the fibrous capsule) and gently rinsed with deionized water.
Three parallel, horizontal diffusion cells (PermeGear, Inc., Hellertown, PA) were used to study the transport of glucose molecules through hydrogels. 20 (Figure 3 ) and the thickness of the hydrogels, the analyte diffusion coefficients through the hydrogels were determined by regression of flux and concentration gradient data using Fick's First Law. 21, 22 
Sensor Testing
For sensor hydrogels, PdP and GOx were combined with the appropriate precursor solution to a final concentration of 100 µm and 50 µm, respectively. Poly(dimethylsiloxane) molds were made with 2.5 mm diameter punches and placed on glass slides. The glass slides were then silanized with TMSPMA to facilitate binding of hydrogel to glass. The polymer precursor containing both dye and protein was then cast in the PDMS molds and crosslinked as well as attached to the slides through photopolymerization. Glass slides with immobilized sensor hydrogels were placed in a custom flow-through chamber (Figure 4) and equilibrated in air-equilibrated PBS until baseline signal stability was achieved.
Samples were then exposed to glucose concentrations in random order over the physiologic range of 0-400 mg/dl for 2 h for each concentration at a flow rate of 4 ml/min. Samples were illuminated for 1 s at 10 s intervals with a modulated, green light-emitting device (523 nm) through a fiber bundle. Sample phosphorescence (at 710 nm) was captured through the same bundle, and lifetime values were computed with a frequency-domain lifetime system (Tau Theta MFPF100, TauTheta Instruments, LLC, Fort Collins, CO). A sample of the real-time data produced by this system can be seen in Figure 5 .
For serum-exposed glucose-sensor response experiments, only pHEMA and p(HEMA-co-AM) slabs were used. Gels of each type with embedded sensor chemistry were submerged in rat serum and incubated for up to 30 days at 37 °C. After the desired incubation period, the gels were placed in the custom flow-through chamber and equilibrated in PBS before glucose challenges. The gels were then exposed to the same sequence of random glucose concentrations as the nonexposed samples.
Lifetime values at each glucose concentration at steady-state (see Figure 5 ) were used to construct the response curves for each sample. Data for each glucose concentration are reported as percentage change in luminescence lifetime from baseline lifetime at 0 mg/dl glucose in air-equilibrated PBS ( Table 1) . This equates to (t-t zero )/t zero × 100 %, where t is the lifetime at a particular glucose concentration, and t zero is the baseline (zero glucose) lifetime. This metric is useful for comparing sensors with different output signal types and scales. The metric effectively reports how much the signal changes compared to the average resting or zero signal as a percentage; thus, a signal that increases to twice the baseline value will have a percentage change of 100%, and a signal that increases to three times the baseline value will have a percentage change of 200%.
Analytical range was calculated by using the standard deviation at baseline [0 mg/dl, (σ1)] and at the saturation of the sensor response (σ2). The lower and upper bounds of this range in each case were calculated as the concentrations corresponding to the signal discrimination limits (lower: baseline lifetime + 3σ1; upper: average lifetime at saturation − 3σ2). Sensitivity was calculated as the maximum slope calculated as the peak derivative of the fitted function for each response.
Results

Diffusion
The diffusivity of glucose was determined in each untreated hydrogel material. Glucose diffusivity in pHEMA was (8.1 ± 0.38) × 10 -8 cm 2 /s, while the glucose diffusivities in pAM and p(HEMA-co-AM) slabs were (2.7 ± 0.15) × 10 -6 cm 2 /s and (2.5 ± 0.08) × 10 -6 cm 2 /s, respectively ( Table 1) . Glucose diffusivity was therefore not significantly different in the pAM and p(HEMA-co-AM) slabs (α = 0.05), while diffusivity of glucose in the pHEMA slabs was significantly lower (~25X) (Figure 6) .
After exposure to serum or implantation, all materials showed a significant (α = 0.05) drop in glucose diffusivity from their untreated state (Figure 6) . However, glucose diffusivity in serum-exposed gels did not differ significantly from 1 week to 1 month for all three materials. Additionally, for pAM and p(HEMAco-AM), explanted gels that were implanted for 1 week and 1 month did not significantly differ from each other or from the serum-exposed gels but were significantly different from the untreated gels. Interestingly, explanted pHEMA gels had very different diffusivities from those of their serum-exposed counterparts. 
Sensor testing
Untreated hydrogel sensor slabs showed very different sensor characteristics from one another (Figure 7) . The pHEMA slabs responded nearly linearly over the glucose range, while p(HEMA-co-AM) slab response was sigmoidal and saturated near 100 mg/dl glucose (Figure 7) . Repeatable response data could not be to occur quickly in both cases and therefore were not a result of slow reactions or prolonged accumulation. It is possible that even shorter exposure times could yield the same effects; this can be studied in future work to minimize required experimental duration. Secondly, the change in diffusivity upon exposure to serum was not significantly different from the change in diffusivity upon implantation for 1 week or 1 month. This result seems to indicate that in these materials, protein adsorption accounted for the observed decrease in glucose diffusivity. Taken together, these results suggest that (1) serum incubation provide an adequate first-order approximation of the effects of in vivo biofouling, and (2) 1-week incubation is sufficient as an upper limit for required exposures to mimic in vivo fouling.
The exception to this discussion was seen in the behavior of pHEMA, which was implanted for 1 month, because the glucose diffusivity value revealed an apparent increase in permeability. There are several possible explanations for obtained from pAM sensor gels due to signal instability (data not shown). Sensitivity and range for the hydrogels were also remarkably different, with pHEMA having substantially lower sensitivity and a correspondingly wider range for than p(HEMA-co-AM) ( Table 1) .
Gels that were exposed to serum exhibited significant changes in response characteristics (Figure 8) . The pHEMA gels that were exposed to serum had similar sensitivity to the untreated gels but had only a slightly lower analytical range. Gel-response characteristics of p(HEMAco-AM) were more dramatically affected by the exposure to serum. Serum-exposed p(HEMA-co-AM) gels had significantly reduced sensitivity and increased range compared to the untreated gels ( Table 1 ).
Discussion
Diffusion
The measured glucose diffusivity values obtained in untreated pHEMA and pAM agreed well with other reported values. [23] [24] [25] Furthermore, the overall glucose permeation through the materials decreased after exposure to serum as well as implantation, as was expected and has been observed by others. 11, 12, 21, 26, 27 Two interesting and useful observations were made from these data. First, glucose diffusivity in the materials did not change significantly from 1 week to 1 month. This suggests that the biofouling processes responsible for altering glucose diffusion reached steady state within 1 week, such that longer experiments were not needed to study this phenomenon. The effects of fouling appeared this, including some degradation or structural alteration of the materials during in vivo residence; however, no visible evidence of cracking, pitting, pore formation, or other degradation was observed. More detailed analysis is required to attribute this behavior in diffusivity to a change in a specific material property.
The magnitude of change in diffusivity varied from pHEMA to p(HEMA-co-AM) and acrylamide. Comparing the percentage change in diffusivity due to serum or host interaction, the change in pHEMA diffusivity was close to 60%, whereas the change in diffusivity of the other two hydrogel materials was closer to 40%. It is important to note, however, that the absolute change in diffusivity was considerably greater (~100X) in p(HEMA-co-AM) and pAM because these materials have a much higher baseline diffusivity. These changes in diffusivity are most likely due to differences in the strength of interaction of the serum protein with the hydrogel surface as well as increased penetration of small proteins into the larger mesh of pAM and p(HEMA-co-AM). This could affect the thickness and/or density of the adsorbed protein and therefore affect the magnitude of diffusivity change. 21 Overall, the effect of biologic fluid on the diffusional properties of these materials was substantial.
Sensor testing
Optical sensors of both pHEMA and p(HEMA-co-AM) showed remarkable signal change in response to glucose (an average of 490% change over the entire physiologic range). Other reported metal-porphyrin/GOx sensors also showed high total signal change (~200-250%) but exhibited considerably different ranges (e.g., 1 mM maximum concentration compared to 10 mM). 29, 30 It is important to note, however, that the sensing chemistry in these sensors was immobilized in different matrix materials, with different diffusional characteristics than those presented here, and used slightly different forms of metal-porphyrin phosphor.
The response characteristics (sensitivity and analytical range) of the different sensors in this study were also considerably different from one another. This was expected based on the difference in glucose diffusivity in the untreated materials, which differed by two orders of magnitude. Reports have shown that a decrease in diffusion of glucose, while maintaining oxygen diffusion rates, can increase the range of flux-dependent enzymatic glucose sensors while simultaneously decreasing sensitivity. 28, 29 This effect was seen in the p(HEMA-co-AM) sensors after their exposure to serum because the fit curve showed decreased overall signal change over a wider glucose range. This indicated that serum exposure of the sensor resulted in a decrease in glucose diffusion through the matrix, which was similar to the inert hydrogel material in the diffusion experiments. In the pHEMA gels, the effect of the serum on sensor response was less pronounced. Again, this most likely resulted from the absolute changes in glucose diffusivity of pHEMA being several orders of magnitude less than that of p(HEMA-co-AM), as already noted. Additionally, it is important to note that oxygen diffusional differences can also affect sensor-response characteristics. If oxygen diffusion were limited in proportion to glucose, then the effects of the diffusion barrier might be less pronounced than they would be otherwise.
Conclusions
Enzymatic glucose sensor behavior is a balance among glucose diffusion, oxygen diffusion, and reaction rate. Biofouling and host response have a dramatic impact on sensor functional characteristics, and can be difficult to predict from in vivo performance data alone. 1 In this study, we have shown that the effects of serum and host response on glucose diffusivity in common biomedical hydrogel materials are similar. Additionally, we have shown that exposure of sensing hydrogels to serum results in altered sensor response that is consistent with reductions in glucose diffusivity. Thus, preliminary biofouling data can be collected in vitro, allowing for estimation of the effect of in vivo biofouling. This could allow for higher success in the translating optical enzymatic glucose sensing technology from in vitro to in vivo testing. It is also important to recognize that the fouling properties of materials are different, and proper consideration in design can result in minimizing changes in sensor response that occur when implanted.
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